We review briefly the general assumptions underlying hole theories of the configurational thermodynamic functions for single and multiconstituent systems. From the original Simha-Somcynsky theory several important modifications have recently evolved. First, there is a revision of the combinatorial entropy originating from the mixing of segments and holes in the spirit of Huggins's theory. With consistent additional modifications of the configurational free energy, quantitatively significant consequences for certain aspects of phase equilibria can arise. Finally, allowance for nonrandom mixing of constituents species and holes has been made. We illustrate the theory's potentials first in terms of pressurevolume-temperature (PVT) data for high and low molar mass species and their miscible mixtures. The influence of PVT properties on the miscibility behavior of solutions and blends is examined next. Of particular concern are the connections between predictability of lower from upper mixing spinodals, pressure effects, and the binary interaction ,y-function.
INTRODUCTION
Kleintjens (2) , the effects of compressibility are related proper understanding of the thermodynamic A behavior of polymer solutions and blends is of interest scientifically and technologically. In the literature a diversity of equation of state theories is available to describe and, hopefully, predict relevant thermodynamic properties of polymer systems. For apolar and more recently also for polar systems, these theories yield a qualitatively correct notion of the molecular characteristics that are responsible for, e.g., the miscibility behavior. However, one can expect that for some properties, conflicting predictions may result since the same physical concepts are represented differently. To demonstrate this, consider, e.g., the equation of state contributions. On the one hand, in the Lattice Fluid theory of Sanchez and Lacombe (11, or the Lattice Gas model of Koningsveld and to the presence of vacancies on the lattice. On the other hand, in the cell theory of Prigogine (31, the equation of state theory of Flory, et al. ( 41, the cell model of Dee and Walsh (5), a completely filled lattice is assumed, and the PVT contributions are due to changes in the volume of the lattice sites or cells.
Finally hole theories, which for polymer systems were initiated by Simha and Somcynsky (6) . allow for both vacancies and variable cell volume. Thus to a certain extent the hole theories can be considered to generalize cell and lattice models, but at the same time, extra theoretical insight is gained. The first applications of the Simha-Somcynsky ( S S ) hole theory concentrated on the equation of state of low and high molar mass components and mixtures thereof (7) (8) (9) (10) (11) . The results proved that the SS hole theory is extremely successful in this, In a subsequent application the miscibility behavior of solutions has been considered (12) (13) (14) . More recently, for solutions and blends also, the study of miscibility, the well-known binary interaction parameter ,y (12,
Some Considerations on Equation of State and Phase Relations
15), and the interpretation of scattering data (15, 16) have been undertaken. Simultaneously several refinements to the original hole theory have been introduced that aimed at a more accurate evaluation of thermodynamic properties without the introduction of additional adjustable parameters. A first improvement resulted in the so-called Holey Huggins (HH) theory (171, which predicted a complicated dependence of phase behavior and excess volume on pressure and molar mass, in agreement with experimental findings (14) .
An important approximation in both SS and HH theories is the assumption of random mixing polymer segments and holes. However, especially when there exist strong dipolar or other types of specific interactions, a nonrandom mixing of segments can be anticipated. Also, in systems with nonspecific interactions, when the interaction energy between different interacting units are sufficiently dissimilar, the assumption of random mixing might be a poor approximation. In a further effort to improve the hole theory, a self-consistent method based on Guggenheim's quasichemical approach ( 18) was adopted to account for the nonrandomness. Thus, a new nonrandom mixing Holey Huggins theory (NRM HH) has been formulated (19).
THEORY Molecular Model and Partition Function
In what follows we review briefly the essentials of the theories for single and multicomponent systems. According to the hole theories a real system of volume V , containing N n-mers of molar mass M , is replaced by N s-mers occupying s consecutives sites on a lattice. In order to enhance configurational disorder only a fraction y of the lattice sites is occupied, leaving Nh lattice sites vacant. The structure parameter y is given by The partition function 2 at given N , V, and T is given by the summation over all possible values of y, (2) Y with g the combinatorial entropy related to the mixing of vacancies and segments; If the segmental free length related to the free volume contribution characteristic of cell theories, 3sc, the effective number of degrees of freedom of the s-mer, and E, , the internal energy of the system, which is assumed to be equal to the lattice energy.
The importance of the c-parameter was first recognized by Prigogine, et al. (3) . It is to be taken as a measure of the perturbation of internal rotations of the chain in addition to motions of the chain as a whole, in the dense medium. We note that the param eter c, influences the magnitude of the structure parameter y. In actual applications one either makes an a priori numerical assignment, which amounts to replacing the ensemble of real n-mers by an ensemble of s-mers with identical physical properties, or takes c, as the parameter for the n-mer to be extracted from experimental data.
Depending on the nature of the effective structure parameter used in the evaluation of the contributions to the partition function, different hole theories are obtained. For the S S , HH, and NRMHH theories some details are summarized.
SS Theory
In the SS theory the main structure parameter y is used to evaluate the partition function. For the combinatorial entropy one obtains in the Flory approximation (20, 2 1):
The internal energy is given by:
with zq, = s( z -2) + 2, where z is the lattice coordination number.
In the above equation, E, is the contact energy of a pair of segments, which is assumed to obey a Lennard-Jones 6-12 potential:
( 5 ) where 6 (= y V / ( N m * ) = y u / u * ) is the reduced cell volume, u is the volume per segment, E * and u* are the maximum attraction energy and corresponding segmental volume. The constants A and B are taken tobe A = l . O l l a n d B=1.2045(22) .
The free length is given by:
where 1, and I, are solid-like and gas-like free lengths respectively, defined by:
HH Theory
In a first refinement the different contributions to the partition function were evaluated adopting a more refined structure parameter (i.e., the external contact fraction q, which is related to the occupied fraction y), viz:
where (Y = y(1-l/s) and y = 2 / z Thus for y --$ 0, ci -+ 0, and q -+ y and the HH theory reduces to the SS theory. The partition function for the HH theory is still given by Eq 2 if one substitutes q for y. Straightforward analysis leads to the following expressions for the combinatorial entropy, internal energy, and segmental free length:
It has been shown that Eq 10 [i.e., the Huggins expression (23, 2411 reproduces the results of computer simulations for lattices significantly better than the Flory expression (Eq 3). and also improves the description of experimental data (25-27).
NRM HH Theory
When nonrandom mixing of segments and holes is considered, another microscopic parameter X, which accounts for the fraction of segment-hole contacts, is needed. If we designate the total number of contact pairs by Q:
then, QX is the number of segment-hole or holesegment contacts, whereas the number of segmentsegment contacts is Q(q -X) and the number of hole-hole contacts is Q(1 -q -X ) .
In this case the partition function depends also on the microscopic parameter X, viz:
where Z q x ( N , V, T , q, X) is the partition function of the subsystem with a fixed value of X and y. Following Guggenheim ( 18). the combinatorial factor g is taken to be:
with X* = q(l -q ) the value of X for random mixing, and gHH a normalization factor that assures that Eq 15 reduces to Eq 10 for random mixing. The internal energy E, and segmental free length are given by: (16) l,=(1 -X/g)l,+(X/q)l,-7fv*1 '3 (17) In Eq 17, X/q is the fraction of segment-hole contacts relative to the total number of external contacts of the segments, and ( 1 -X/q) is the remaining fraction of segment-segment contacts.
At equilibrium, in order to evaluate the partition function N, V, T), the summation on the right hand side of Eq 14 is replaced by its maximum term. If we denote the value of X in the maximum term by x, we have:
where i J and Z are determined by:
The detailed expressions resulting from Eqs 19 and 20 are presented elsewhere for the different hole theories (6, 7, 19) . Equation 20 defines a so-called quasichemical equation. Suffice it to say that Eq 20 is different from Guggenheim's original quasichemical equation, because we have consistently incorporated the free volume contribution as well as the configurational energy contribution in determining X. Of course for the SS and HH theories, random mixing is assumed ( X = X * ) , and Eq 20 is not relevant. Equation 1 9 is the minimization condition introduced earlier by Simha and Somcynsky.
Thermodynamic Properties tion function 2, viz,
The Helmholtz free energy A is related to the parti-
where k is Boltzmann's constant. Classical thermodynamic results permit calculation of all desired thermodynamic properties (e.g., equation of state, excess volumes, spinodals, binodals, critical conditions). Thus, the equation of state is given by:
For the NFW HH theory the free energy per mol of segments and the equation of state may be written in reduced form, viz:
w h e r e m 2 = -G [ ,
The reducing parameters are related to the segmental molecular parameters: (28) with R the gas constant and E * and v* are expressed per mol.
It is interesting to compare Eq 23 with the corresponding result of the HH theory. The first three terms on the r.h.s. of the relation (which are identical with those in HH theory) account for the combinatcrial entropy of mixing randomly polymer segments and holes. The next terms in square brackets are extra contributions due to nonrandom mixing, which cancel when X = X * . The last term represents the internal energy, and the remaining term stems from the free volume contribution. They are quite similar in form to the corresponding terms in the HH theory and become identical when X takes the value X * . A further reduction to the SS theory is obtained if a = 0. This is formally identical to the assumption of a lattice coordination number z = m. Also, in the case of monomer fluids, the SS and HH theories are identical. Furthermore, at high density, y approaches unity and q tends to y; then both HH and SS are practically indistinguishable.
Mixtures
The generalization to multicomponent systems has been given (10, 14) by adopting a simplification introduced by Prigogine, et al., in their theory of mixtures, based on the simple cell model (3) . That is, the repulsion volume v* is replaced by an average, instead of dealing explicitly with the problem of packing differ- The qi represent contact fractions qi = xd si(
Moreover, averages ( c ) = Cxici and ( s ) = C x i s i enter.
The scaling parameters, Eqs 28, are then redefined in terms of these compositional averages.
EXPERIMENTAL Polymer, Solvent, and Solution
As mentioned earlier, extensive experimentation and data analysis of polymer melts has taken place. Whereas Simha and colleagues were concerned with vinyl-type compounds, Zoller and colleagues included in their studies various engineering plastics, miscible polymer blends, and copolymers. The outcome was a very satisfactory agreement between experiment and theory. An illustration is seen in Fig. 1 for two single polymers, polystyrene (PS) and poly-omethylstyrene), investigated over pressures up to 2 kbar (7). We note good correlation between measurement and prediction, and the superposition of the two data sets. That is, a principle of corresponding states was obtained. The results displayed in Fig.  1 are typical for the many polymer systems investigated. A discussion of different equation of state theories and a compilation of the experimental data on polymers is presented in a recent review by Zoller The predictions of the theory have been examined also for low molecular mass compounds. For the subsequent discussion of phase equilibria, organic solvents are of interest. Benzene, carbon tetrachloride, and cyclohexane have been investigated (8-1 1) . plus mixtures of the latter two (10). Figure 2 shows a series of isotherms for benzene (8) .
Similar results have been obtained for polymer solutions (1 1) . Of special interest in connection with its phase behavior is the pair polystyrene-cyclohexane (PS/CH). Specific volumes at several compositions, molar masses, and temperatures have been determined (28). The procedure used in the comparison between experiment and theory serves to illustrate the capabilities of the latter in accounting for both equation of state properties and phase relations. That is, the cross parameters E :~ and u;rb are derived from phase equilibria data to be discussed in the following paragraph. The results are shown in Fig. 3 . The maximum deviation between prediction and measurement is below 1%. which is gratifying indeed. However, we should also note at this point that the reverse procedure (i.e., the prediction of phase relations from equation of state data) is not satisfactory for a quantitative analysis of the subtle compositional and pressure effects to be considered in what follows.
Miscibility in Polymer Solutions
The potentials of hole theories in the discussion of the phase behavior of polymer solutions are demonstrated for the system PS/CH. The pure component parameters were obtained from the equation of state behavior of the constituents (17). The cross interactional parameters E:b and uzb were calculated from the upper critical miscibility (UCST) point (T' and w z c ) for the system CH/PS, see Table I (14) . With the molecular parameters fixed, the critical and spinodal conditions were calculated for different polymer samples in cyclohexane. In Fig. 4 it can be observed that the chain length dependence of the critical coor- dinates is not accurately predicted. The agreement between experiment and theory can be improved if allowance is made for a small change in the cross interactional parameters with chain length (13). For the present purpose the discrepancies are accepted, and we focus on the predictions concerning lower critical miscibility (LCST) phase behavior and the influence of pressure on miscibility. The results are depicted in FYg. 5, which shows a comparatively good agreement with experimental data. Therefore, with the present hole theory a semiquantitative prediction of the entropy driven LCST demMng is obtained, using parameter values extracted from the enthalpy driven UCST phase behavior.
In Fig. 6a the influence of pressure on the critical temperature of the system PS,,/CH, see Table I , is shown (29). Initially the slope of the critical temperature with pressure ( d T / d P ) , is negative, but at sufficiently high pressure the slope becomes zero and finally positive. Furthermore, Saeki, et al., measured the pressure dependence of the critical temperature for different molar masses in a pressure range where changes in slope with pressure (as shown in Fig. 6a) were not observed (30). In Fig. 6b the initial slope (dT/dP), is negative for high molar masses, in agreement with the data of Wolf and Geerisen. However, if the molar mass is decreased sufficiently, a positive slope (dT/dP), is observed. In Fig. 6 the solid lines are the predicted pressure dependence according to the HH theory. Although the agreement with experiment is not quantitative (especially in Fig. 6b ) the extent of agreement with experiment is very gratifying, keeping in mind that no adjustable parameters are involved.
The change in slope with molar mass and pressure is directly related to the compositional curvature of the volume of mixing (31). In Fig. 7 the predicted excess volume AV is plotted as a function of pressure at constant molar mass. As a function of molar mass at atmospheric pressure, a similar composition dependence is observed. For sufficiently high molar masses and at moderate pressures the excess volume is positively curved for all polymer concentrations. Consequently a negative slope (dT/dP), is predicted. Upon applying pressure or decreasing the molar mass of the polymer, locally at low polymer concentrations a negative curvature of the excess volume ensues. For high pressures and small molar masses the region extends over a larger polymer concentration range. Depending on the location of the critical composition in a region of positive, zero, or negative curvature, the slope (dT/dP), is negative, zero, or positive, respectively. Unpublished results of WolJ et al., show that the experimental and theoretical composition dependencies of the excess volume for different molar masses are in qualitative agreement (28). In view of the agreement observed in Fig. 6b , only a qualitative agreement can be expected. However, the main features of the dependence of the excess volume on composition and chain length are reproduced. Thus a consistent thermodynamic prediction of the complicated pressure dependence is obtained. The molecular details of the observed behavior can be explained in terms of two types of "free volume" contributions.
Cell and Free Site Volumes
In the hole theory the excess volume can be viewed as the result of two volume changes upon mixing: a volume change, AY, due to a change in the fraction of free lattice sites, and a volume change, ACi, due to the change of the volume per lattice site (the cell volume) 
AV=AY+ACi
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Ftg. 7. Predicted excess volume of mixing at indicated pres sures and corresponding critical temperatures.
In Fig. 8 the different contributions to the total volume change AV are shown for three different pressures. The volume change due to the change in the fraction of free lattice sites is very sensitive to pressure. The changes in excess cell volume Aa, however, are practically pressure independent. On pressurizing, the densification of the liquid related to A Y is reduced. Consequently, for sufficiently high pressures, the excess cell volume becomes relatively more important and causes a local change in curvature of the total excess volume AV, also shown in Fig.  7 . Furthermore, the excess cell volume AbZ is practically independent of the molar mass. Only the occupied fraction of segments AY is sensitive to changes in molar mass. Thus, also for sufficiently low polymer molar masses, the cell volume changes An, relative to A Y , become more important and cause the total excess volume AV to change curvature.
In polymer solutions showing LCST phase behavior, differences in lattice free site volume are large compared to the changes in cell volume. Therefore, the contribution of the excess cell volume is not able to manifest itself. Consequently, in polymer solutions the LCST gap will be raised with pressure. For polymer mixtures, however, volume changes due to change in the fraction of free lattice sites are much smaller compared to those in polymer solutions. In this case cell volume effects can become noticeable, and eventually, the LCST miscibility gap may be lowered with pressure. Furthermore, the two different contributions to the excess volume may cause a complicated pressure dependence of the spinodal condition in the temperature-composition diagram. It is worth mentioning that a complicated pressure dependence on cloud-point curves has been observed experimentally (32) .
Some Considerations on Equation of State and Phase Relations
The Binary Interaction Parameter x
It is common practice to interpret the thermodynamics of polymer systems in terms of the binary interaction ,y parameter. For the system PS/CH, the Flory parameter has been obtained from scattering data as a function of molar mass, temperature, and composition (33-36). In Fig. 9 the experimental data and theoretical predictions for PS,/CH, see Table 1 , are depicted. For temperatures in the proximity of the phase boundaries the agreement is very good. At higher temperatures, especially for low polymer concentrations, the theory and experiment show more deviations. This is probably related to excluded volume effects, which become more important away from the Flory temperature in dilute solutions.
The results presented in this and the two preceding sections were obtained for the HH theory. The NRMHH theory shows similar results for all properties considered. The predictions according to the SS theory for LCST and UCST phase behavior and for the , y parameter are satisfactory also. The pressure dependence, however, is not in agreement with experiment. The present results are an indication that indeed the HH and NRMHH theory present an improved evaluation of the partition function and thermodynamic properties. These improvements are due to a better balance between the different molecular characteristics contributing to the thermodynamic properties. results, the deviations from nonrandomness are not necessarily negligible but are more or less constant over the temperature and concentration range considered. For other systems (e.g., PS/methylacetate), NRMHH theory provides much better agreement with experiment. In this case, deviations from nonrandomness are more important (37).
LCST Miscibility Behavior of the Blend
Polystyrene / Polyvinylmethylether
As an application of the hole theories to polymer blends, the system PS/poly(vinylmethylether) (PVME) is discussed. Other systems have also been investigated. Worth mentioning is the UCST phase behavior of PS/poly(p-methylstyrene), which was predicted by the hole theories (38). As far as the authors are aware, the cell and lattice theories are not able to predict these results. Another application consisted of the study of the system PS/poly(styrene-co-pbromostyrene), which also shows UCST behavior (39). For this system, the PVT behavior of the two homopolymers and one copolymer composition was determined experimentally, from which all parame ters (i.e., self and cross interactional parameters) could be estimated. When these parameters were adapted, UCST was predicted, in agreement with experiment (4 1).
For the PS/PVME system, the molecular parame ters for PS ( E & , u&, and c , ) and PVME (E;,. ugh. and c,) were estimated from the experimental PVT data. The cross parameters ( E : , , u:,) were obtained from the minimum temperature and corresponding composition of an LCST spinodal for the system PS 12/PVME 1, determined by neutron scattering (42) . The values of the cross parameters deviated by only 0.00 1 from the geometric average for the characteristic energy and the hard sphere average for the segmental volume. Therefore the cross parameter u:, was set equal to the hard sphere average. Thus for the system PS/PVME, only one cross parameter was adjusted. The predicted spinodal for the set PS,2/PVME, and the predicted spinodal and critical coordinates for the set PS,,/PVME, are shown in Fig. 10 . In this case SS, and HH predictions are almost identical. For these relatively high densities q and y tend to approach each other, and for the miscibility behavior no significant differences are observed.
In Fig. 10 it can be observed that in agreement with experiment, the hole theories predict the critical composition at high PVME content. This prediction is typical of the equation of state theories. In these theories the location of the critical composition is dictated by the equation of state contributions, more particularly by the temperature scaling parameter (43). In the hole theory this involves the flexibility and characteristic energy parameters. Another point of interest is the relatively small influence of molar mass on the location of critical composition. For the two PS/PVME sets, rhe ratio between the PVME and PS molar masses is 1.69 and 1.85, respectively. According to the classical rigid lattice theory the minimum of the LCST spinodal (i.e., critical state) is predicted to shift to smaller PVME concentrations. The hole theories, in agreement with experiment, predict a shift to higher PVME content.
Furthermore, the shapes of the spinodal curves are well predicted. To facilitate the comparison the experimental data of PS,,/PVME, are shown shifted on the calculated spinodal. The same data were d i s cussed by Sanchez and Balazs (431, applying a Lattice Fluid model generalized for specific interactions. In order to get the shape of the spinodals, correct specific interactions had to be inferred. In the hole theories the values of the molecular parameters do not suggest the presence of specific interactions. Although the spinodal shape is predicted extremely well, the location of the spinodal along the temperature axis for the high molar mass set deviates by 5 K. Just as for polymers solutions, these deviations can be eliminated by allowing small changes in the molecular parameters (e.g., the cross interactional parame ters). I t should be noted that in the approach of Sanchez and Balazs the same value of the specific interaction parameters also gave a good prediction of the location of the spinodal curve for the second data set.
For the random mixing HH and SS theories, the Flory , y parameter obtained from neutron scattering experiments is shown in Fig. 11 
CONCLUSIONS
The importance of PVT contributions for miscibility behavior was first pointed out by the Brussels school of Prigogine. To be able to properly gage the role of these contributions, quantitatively accurate theories of thermal and pressure properties are required: all this quite apart from their intrinsic merit. Hole theories appear to satisfy this requirement. When relating the entropy LCST and enthalpy UCST driven processes, we note that a temperature range of several hundred degrees must be spanned. We have attempted this without introducing additional parameters or permitting characteristic "constants" to vary. In this sense we find the results illustrated for the PS/CH systems quite satisfactory. Noteworthy also are the predicted inversions in sign of the pressure dependence of the upper critical temperature and of its initial pressure coefficient with increasing molar mass, all in semiquantitative accord with observation.
The computed temperature and solution concentration dependence of the X-function exhibits deviations at elevated temperatures. Their increased magnitudes with increasing dilution should be indicative of the well-known dilute solution effects, which necessitate modifications of the lattice model. As for polymer blends, the LCM behavior of the PS/PVME blends is quite satisfactorily accounted for, and the magnitude of the characteristic scaling parameters do not suggest special, strong interactions. There arise, however, significant deviations in the composition dependence of the X-function that remain unresolved.
As mentioned earlier, the results exhibited for the PS/CH pairs are not significantly affected by the nonrandom corrections. This is not surprising, particularly for the CH solutions. But on general grounds no less than for specific systems, it is desirable to have a generalized theory. We regard this, moreover, as a starting point for a theory of associating systems. The ideal aim is the establishment of connections between thermodynamic equilibrium constants and the equation of state. Fig. 1 1 . a) Experimental temperature dependence of the binary interaction parameter , y for PS12/PVME, at PVME mass fraction wpVME = 0.8 (0, ---). Predicted according to HH theory (-1. b = Indicates reduced variables, e.g., temperature, volume, etc.
